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EXECUTIVE SUMMARY

This technical report details the physical and mechanical property tests conducted on ASTM A723
Grade 1 and D6AC high-strength steels at elevated temperature to be used in gun tube thermal management.
The following is a synopsis of all tests conducted and the results obtained:

® Specific Heat - Specific heat results for both A723 and D6AC were suspect due to false
peaks in the data; therefore, no results are presented in this report.

) Thermal Expansion Coefficient - The thermal expansion coefficient for A723 and D6AC
increased logarithmically with increasing temperature which is consistent with previous test
data.

] Stress Relaxation Tests - At temperatures ranging from 200°-450°C, exposure times of
two and four hours, and at stress levels of 550 MPa and 850 MPa, A723 consistently
exhibited more stress relaxation than D6AC. For the most severe test conditions, the stress
relaxed in A723 was approximately 200 MPa, twice that of D6AC.

A creep law was developed for A723 using the stress relaxation data.

° Elevated Temperature Tensile Tests - The 0.1% yield strength and ultimate tensile
strength at conventional testing stroke rates were consistent with published data. At400°C,
A723 lost approximately 20% of its room temperature strength. At very high stroke rates,
the yield strength approached the ultimate tensile strength.

. Young's Modulus - Young's modulus tests using high-temperature strain gages provided
scattered results; however, a general trend of decreasing Young's modulus with increasing
temperature was observed.

The Dynamic Mechanical Analyzer method measured Young's modulus continually with
temperature and showed a decrease with increasing temperature similar to that from the
strain gage data. Once properly calibrated, the dynamic method proved to be a much more
convenient and accurate test than strain gage method.

° Poisson's Ratio - Poisson's ratio tests using high temperature strain gages provided mixed
results, though a decreasing trend with increasing temperature was observed.

INTRODUCTION

Gun tube thermal management is essential in determining the effects of rapid fire scenarios on the
physical and mechanical properties of cannon tube materials. For example, stress relaxation may occur,
ultimately leading to loss of desirable compressive autofrettage stresses at the bore surface which, in turn, can
result in lowered fatigue life and bore closure.

Early in this test program, candidate steels, in addition to A723, were identified for service at
elevated temperatures. An evaluation matrix (see Table 1) was established using criteria such as yield
strength at elevated temperatures, room temperature fracture toughness, and ease of chromium plating or
"platability" (a constant concern for our applications).




Two materials in Table 1, AF1410 and 1CR-Mo-V, were provisionally ruled out as potential gun
tube materials due to their inherent properties, which are highlighted.

* After discussion with ARDEC experts in materials, producibility, and plating, we proceeded with
D6AC, similar in chemistry to A723 (Table 2) with the exception of slightly higher carbon and molybdenum
for elevated temperature strength. D6AC is a high-temperature Cr-Mo-V steel currently used in some gun
tube applications. The use of D6AC is for comparative purposes and does not suggest that D6AC is the only
potential replacement material for A723, but rather gives beneficial information on a widely used high-
temperature steel,

The objectives of the project were to:

° Identify alternative high-strength steels to operate in elevated temperatures

° Determine the elevated temperature properties of gun steel (ASTM A723 Grade 1) at
temperatures up to 450°C in order to predict the residual stress losses in the gun tube
resulting from rapid fire scenarios

° Increase the accuracy of physical and mechanical property data on A723 for finite element
modeling.

EXPERIMENTAL PROCEDURE

All materials used for this investigation were taken from existing gun tubes. The D6AC material
was reheat-treated to increase its strength. All D6AC specimens were taken in the longitudinal or axial
orientation because of wall thickness limitations. When possible, all test samples from both materials were
taken from mid-wall locations.

Physical Property Tests
Ex ion fficien

Thermal expansion coefficient is an important physical property that can be used to predict the
deflection of the gun tube caused by thermal gradients. In this study, we measured the instantaneous thermal
expansion coefficient using a dual-rod dilatometer with a fused silica reference. The thermal expansion
coefficient is defined as:

Al
AT

&)

o

where 4l is the length change, /, is the length at the reference temperature, and AT is the change in
temperature. In a standard dilatometer, the actual coefficient of thermal expansion is the sum of the apparent
expansion and the expansion contribution of the measuring system. A dual-rod dilatometer overcomes the
problem of finding the system contribution by measuring the difference in expansion between the sample and
areference, using the same measuring apparatus.

The A723 and D6AC samples were taken from the longitudinal direction. The data were collected
from room temperature to 650°C at a heating rate of 2°C/min. The system had an inert purified helium
purge during testing to prevent oxidation from occurring.




Specific Heat

Specific heat, C,, by definition is the amount of energy required to raise 1 gram of material,
1° C. Thus, C, provides valuable information for the thermal modeling of cannon firings. The heat capacity
measurements were performed with a differential scanning calorimeter (DSC). The DSC measures the
differential heat flow between the sample and reference during thermal cycling. Approximately 20 mg of
A723 and D6AC were needed for each test run.

Mechanical Property Tests
Young's Modulus
Young's modulus, also known as the elastic modulus in tension, is defined as:

E=o, Je, @

where g, is the elastic stress and e, is the elastic strain. At elevated temperatures Young's modulus decreases
in value, resulting in loss of stiffness of the cannon and increased muzzle droop.

Young's modulus was tested on both materials using two methods. The first method used high-
temperature strain gages in uniaxial tension using an Instron Mechanical Tester. Conventional strain gages
which utilize an adhesive interface, have a maximum operating temperature of only approximately 230°C;
therefore, weldable gages having a maximum operating temperature of 1,090°C were used. These gages
were adhesively bonded to a steel shim with a ceramic cement, which in turn was attached to the specimen by
capacitive discharge spot welding. A forced hot air oven was attached to the Instron for the elevated
temperature tests. To compensate for temperature effects, a half-bridge strain gage circuit was used. This
incorporated one "dummy" gage for each "active" gage and compensated for thermal expansion effects in the
specimen. The specimen configuration and strain gage location are shown in Figure 1. The test specimen
used was of rectangular cross-section containing one longitudinal gage. No significant off-axis alignment
was detected in the test fixture, justifying the use of only one longitudinal gage. Strain readings were
recorded at various load levels. At the highest load level, the test specimen was at approximately one half of
its yield strength to avoid microplasticity. Because we were well within the elastic limit of the test specimen,
only one or two specimens were used for each material tested. The longitudinal strain was recorded at each
load level. The load was removed and reloaded, and the longitudinal strain recorded again to ensure
repeatability.

Young's modulus was also measured using a dynamic method. The Dynamic Mechanical Analyzer
(DMA) operates on the principle of forced resonant vibration at a user-defined oscillation amplitude. The
electromagnetic driver displaces the arms as shown in Figure 2, which flexes the sample through a fixed
deformation and resonates the system. The DMA records the frequency of oscillation and the electrical
energy used by the driver to maintain the oscillation amplitude. Thin rectangular strips were cycled from
room temperature to 450°C at a rate of 5°C/min. A nitrogen environment was used to eliminate oxidation of
the sample and the system.




Poisson's Rati

Poisson’s ratio is defined as the ratio of the transverse strain to the longitudinal strain:

R 3)

The procedures used for Poisson's ratio tests were identical to those used for Young's modulus tests
using elevated temperature strain gages. No significant off-axis alignment was detected in the test fixture
justifying the use of one longitudinal gage and one transverse gage.

xation T

As previously mentioned, stress relaxation and creep are critical for determining the loss of residual
stresses in the cannon at elevated temperatures. Stress relaxation tests were conducted using the mandrel
method described in ASTM E328 and by Underwood et al.” Figure 3 shows a schematic of the stress
relaxation tests conducted. Test specimens 0.1" thick were clamped over mandrels of 475 mm and 307 mm
radii to produce elastic outer fiber stresses of 550 MPa and 850 MPa, respectively. These two stress levels
were in the range of typical autofrettage stresses in cannon. The elastic outer fiber stress in the test
specimens was calculated by the following equation:

hf2

applied =E| Rm +h /2] @)
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where E is Young's modulus, 4 is the thickness, and R,, is the radius of the mandrel. All tests were conducted
at temperatures ranging from 200°-450°C for two and four hours. These two times were consistent with the
times used in the post-autofrettage heat treatment and were used to establish the time dependence of creep for
both materials. After the tests were conducted, the permanent deflection of the specimens was measured to
the nearest 0.0025 mm using a machinist microscope. The radius of curvature of the test specimens, R,, was
calculated from the measured deflection using a geometric expression. R, was substituted for R,, in equation
(4) to calculate stress relaxation.

The data from all stress relaxation tests on A723 and D6AC were presented to the Modeling and
Simulation Branch, Benét Laboratories, to analyze and generate a creep law.

rature Stri rain T

This investigation was designed to determine the effects of elevated temperature and stroke rate on
the yield strength (YS) and ultimate tensile strength (UTS) of A723 and D6AC. A Gleeble 1500 Thermal
Mechanical Testing System was used for all tests. The Gleeble 1500 is designed to perform a variety of tests,
including compression, hot compression, hot ductility, weldability studies, tensile, and fatigue. The
experiments conducted on A723 and D6AC used the high-temperature and stroke rate variation capabilities .
of the Gleeble 1500. The system can run either manually or automatically. In automatic control, a computer
interfaces with the modules that manipulate the specimen during a test. The Gleeble 1500 has a maximum
heating rate of more than 10,000°C/s for a 6-mm diameter plain carbon steel bar, with a 15-mm gage length,



using a 480 volt power line with a minimum 200 ampere supply. The maximum force in tension or
compression is 80 kN. The maximum and minimum stroke rates are 1000 mm/s and 1.7x10"° mm/s,
respectively.

An attempt was made to heat-treat the D6AC material to a yield strength identical to the A723
material, which had an average room temperature yield strength of 1145 MPa. The resulting yield strength of
the D6AC material was higher than projected (1343 MPa) most likely due to the more complex dual-step
quenching and tempering of this alloy.

Thermal/mechanical testing was performed on both A723 and D6AC steels according to the test
parameters shown in Table 3 and following ASTM E8 and ASTM E21 guidelines. For data comparison
purposes, a minimum of three tensile specimens of each material was tested at each temperature.

The tensile bars were machined with threaded ends in order to be used with available test fixturing
(Figure 4). After the original test plan was completed, additional tests were run at very high stroke rates to
determine the yield strength increase.

The Gleeble 1500 Thermal Mechanical Testing System applies heat in the form of conduction,
thereby minimizing the time for the tensile bar to reach the desired temperature. The strain was measured
using a quartz C-strain measuring device, which monitors the crosswise strain of the tensile bar. On average,
the tensile tests conducted at 0.013 mm/s were completed in less than eight minutes, and the tensile tests
conducted at the 212 mm/s were completed in approximately 30 ms. The information generated from each
test was downloaded to an ASCII file and converted to an Excel worksheet. The crosswise strain was
converted to lengthwise strain using a Poisson's ratio of 0.285, a typical value for steels. Stress-time, strain-
time, and stress-strain data were analyzed for all tests conducted and a stress vs. temperature plot generated
for A723 and D6AC.

RESULTS AND DISCUSSION
Physical Property Tests
Specific Heat

The specific heat capacity results for both materials were suspect because a peak was observed at
approximately 400°C. These peaks are commonly observed to coincide with phase changes in the material;
however, no phase change occurs in A723 or D6AC at 400°C. The false peak may be attributed to improper
calibration of the samples or to the presence of an artifact in the samples.

Thermal Expansion Coeffici

The thermal expansion coefficient for both alloys increased logarithmically with increasing
temperature as seen in Figure 5. These results are slightly higher than that of Cox® at test temperatures
above 200°C. The differences between the two sets of data may be attributed to the significantly larger data
set obtained in our tests.




Mechanical Property Tests
Young's Modulus

Young's modulus shows a definite downward trend with increasing temperature as reported in the
literature. Figure 6 shows Young's modulus for both A723 and D6AC using both the strain gage and
dynamic method. Also on this plot are the Young's modulus values measured by Barranco®™ for AISI 4340
steel. Numerous samples were run using the dynamic method, which provided a statistically meaningful data
set. Aberrant Young's modulus data using the dynamic method were found to be related to a failing
mechanical component in the system, which was eliminated. The easy collection of numerous data points
provides a distinct advantage to the less time-consuming DMA method.

Poisson's Rati

Poisson's ratio was found to decrease with increasing temperature as seen in Figure 7. Figure 7
contains only the best data sets; it excludes those data obtained at low-load levels, those that did not
correspond to known room temperature values, and those that did not return to near zero upon removal of the
load. Because of the amount of scatter in the D6AC data, the data were incorporated into the A723 Poisson's
ratio data, and a linear regression fit was made. The assumption that Poisson's ratio of D6AC and A723 are
near identical is not unreasonable because of the similarity in chemical composition between the two alloys.
From Figure 7, the room temperature Poisson's ratio was 0.316, slightly higher than the typical room
temperature values of 0.285-0.300 for steels.

Although a definite trend of decreasing Poisson's ratio with increasing temperature was observed, the
data were somewhat suspect. Caution should be taken if these values are to be used in mechanical analyses.
The most obvious location for error was in the strain gages themselves. In addition to the +5% inherent error
in the gages, errors may have occurred due to the weight of the 1.5 m long rigid lead wires acting on the gage.
The thermal currents generated in the large forced air furnace were another potential source of error.

Stress Relaxation Testing

The results from the mandrel tests clearly indicated that more stress was relaxed in A723 than
D6AC, as seen in Figures 8 and 9. The data in Figures 8 and 9 were fitted with simple polynomical
expressions with high-correlation coefficients and were intended only to show the trend in the stress
relaxation data. For clarity, only the four-hour time exposures are shown (the two-hour data for both
materials showed similar trends as the four-hour data). As expected, when the applied stress in the A723 and
D6AC specimens was increased from 550 MPa to 850 MPa, the amount of stress relaxation increased.
Likewise, as temperature increased, the amount of stress relaxation increased. A similar trend was observed
with an increase in time, although to a much lesser extent. As the test temperature increased, much more
scatter was observed with the A723 specimens due to accelerated creep effects. Similar scatter would be
expected with D6AC at higher test temperatures. Table 4 indicates the approximate stress relaxation that
occurred in A723 and D6AC with a four-hour exposure at 850 MPa. Note that under the most severe
condition, 450°C, the stress relaxed in A723 was twice that of the D6AC. Though A723 and D6AC are
similar steels, D6AC contains more C and Mo than A723. Both C and Mo are known to retard dislocation
and grain boundary motion, two essential features of creep. '



Creep Law

A creep law was developed based on the use of available analytical tools and data generated from the
stress relaxation tests. ABAQUS finite element code was used in accordance with ASTM E328 to model the
creep law. The built-in equation for the creep law is:

Creep Rate =

-d—i = Ao"t"™ )

In this equation, the creep rate is a function of two basic parameters, the local equivalent stress (0)
and time (#). These are related by the experimental material parameters A, n, and m which are defined as a
function of temperature. Because of the normal data scatter and limited size of the experimental data, the
stress exponent n was taken as a constant 1.77. The change in time from two hours to four hours
demonstrated almost no change in creep effect. The time exponent was set at -0.75 to reflect the almost
negligible effect of time as compared with temperature. At 100°C, the creep was assumed to be essentially
zero, which was supported by the stress relaxation data obtained at 200°C. Table 5 shows the coefficients
and material constants used in the creep law.

Figure 10 shows the amount of stress relaxed in the mandrel bend specimens as predicted from the
creep law for an applied outer fiber stress of 850 MPa over a range of temperatures and times. Figure 10
was generated by first integrating equation (5) and solving for the creep strain. The outer fiber stress relaxed
was then calculated by multiplying by Young's modulus. This outer fiber stress relaxation was compared
with the bulk stress relaxation from the mandrel bend specimens over various temperatures and scaled down
accordingly to match the experimental data. This allowed us to extrapolate to short-time exposures. The
points represent actual test data that were used to create the creep model, while the dashed lines represent
extrapolation to shorter times. It must be understood that the extrapolated short-time stress relaxation data
taken from equation (5) may not be representative of what actually occurs, since our tests were based on time
exposures on the order of hours not minutes. Oehlert and Atrens® recently found that creep can occur in
high-strength steels similar to our gun steels at temperatures lower than 100°C, at stresses greater than 50%
of the 0.2% YS, and for time durations on the order of minutes. Hence, stress relaxation from short-time
durations may be significant and should be further investigated.

Figure 11 shows the creep deflection versus applied stress at temperatures ranging from 300°C to
450°C. The ABAQUS solutions agree well with the experimental data from the stress relaxation tests.

In the investigated temperature range, creep was a strong function of all three fundamental
parameters: stress, temperature, and time. The creep data clearly showed greater than 10-fold increase in the
creep stress between 300°C and 450°C. The data also demonstrated that the creep effect developed quickly
in time; however, because of insufficient time data, detailed analysis on the time effect cannot be currently
investigated.

Elevated Temperature Tensile Tests

The data generated by the Gleeble 1500 at conventional testing stroke rates, shown in Figure 12,
indicated a reduction in strength with an increase in temperature of both A723 and D6AC. These data trends
were consistent with the work performed by Underwood et al., on A723 and by Barranco® on 4340 steel.
The data indicated that the room temperature 0.1% YS properties of the D6AC material were 16% higher
than the A723 material. The higher strength values of the D6AC material were not unexpected, since the




original heat treatment produced higher strength values than originally anticipated. All the results shown in
this graph were based on data generated by longitudinally oriented tensile specimens for clarity and
comparison purposes. The general trend of the graph indicates a decrease in strength with an increase in
temperature.

The high stroke rate tests were performed on the longitudinally oriented A723 material, as shown in
Figure 13. The UTS was the only discernible value that could be obtained from the results. The UTS was
observed to be 1317 MPa, which is 64 MPa higher than the tests run at the much slower stroke rate. It
should be noted from Barranco's data® that as the stroke rate was increased, the 0.1% YS approached the
UTS. Since our high stroke rate tests were over two orders of magnitude faster than Barranco's highest stoke
rate, the YS for the A723 under dynamic conditions should approximate the UTS.

RECOMMENDATIONS/LESSONS LEARNED

Physical Property Tests

Specific Heat

o Test additional samples due to the suspect nature of the data obtained. Convert to a platinum
reference and sample pans to extend the test temperature range and eliminate any question of
boundary effects.

Thermal Ex ion fficien

] Conduct additional runs to produce a statistically meaningful set of data. The thermal expansion

measurements made with a dual-rod dilatometer were accurate and reproducible.

Mechanical Property Tests
Young's Modulus

] Use the DMA method due to the poor Young's modulus results obtained using high temperature
strain gages for both materials. The test is much less labor-intensive, and time-consuming and can
generate data continuously as the temperature is increased.

. If unfamiliar materials are being investigated, examine both the static method and dynamic method,
at least at room temperature, to determine if significant deviations are present.



Poisson's Rati

] Because of the difficulties in measuring transverse strain using high-temperature strain gages,
calculate future Poisson's ratio tests from elastic moduli from the following expression:

E
_—1:\7 6
G (6)

where E is Young's modulus and G is the shear modulus. These tests can be performed using either a high-
temperature torsional extensometer or a DMA with the capability to measure in a shear/torsional mode.
Unfortunately, our DMA cannot measure in this mode.

Relaxation Analysis

° Investigate other high-temperature alloys, in addition to D6AC as candidate high-temperature gun
tube materials. The slight compositional differences between A723 and D6AC had great impact on
the amount of stress relaxed. For the temperature range examined in this experiment, D6AC showed
much more resistance to stress relaxation than A723. Conduct typical mechanical property tests,
including J,. fracture toughness, producibility, and platability.

L Conduct additional tests to analyze the effects of short-exposure times on the stress relaxation of
A723, since the stress relaxation and creep analysis did not address the "time at temperature” effect
of short temperature pulses that occur during a gun firing. Recent work by Oehlert and Atrens®
indicates the significance of short-time exposures at low temperatures for high-strength steels.

1 Temper il

] Though the amount of stress relaxed in A723 was significantly greater than D6AC at temperatures
up to 450°C, the loss of tensile strength in D6AC seems to be very similar to that of A723.

. Conduct additional tests on A723 at temperatures up to the upper critical temperature (approx.
900°C) and at high stroke rates.

° Develop a similar quartz gage for the longitudinal direction to eliminate the problems encountered
while measuring the crosswise strain (transverse strain) of the specimen.
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Table 2. Typical chemical composition (wt%) of A723 and D6AC steels

Alloying Element (wt %) A723 Grade 1 D6AC
Typical ARDEC Typical ARDEC

Carbon (C) .35 max 33 45-.50 A7
Nickel (Ni) 1.50-2.25 2.26 40-.70 .65
Chromium (Cr) .80-2.00 1.00 .90-1.20 1.03
Molybdenum (Mo) .20-.40 46 90-1.10 1.06
Manganese (Mn) .90 max .69 .60-.90 a7
Vanadium (V) .20 max .09 .08-.15 17
Copper (Cu) - - .35 max 07
Silicon (Si) .35 max 21 .15-.30 27
Phosphorus (P) .015 max .006 .010 max .011
Sulfur (S) .015 max .005 .010 002

Iron (Fe) Balance Balance

Table 3 - Elevated temperature tensile tests conducted on A723 and D6AC

Temperature (°C) Material Stroke Rate (mm/s)

22 A723, D6AC 0.013
22 A723 212

200 A723, D6AC 0.013

300 A723, D6AC 0.013

400 A723, D6AC 0.013

400 A723 212

511 D6AC 0.013
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Table 4. Stress relaxation of A723 and D6AC

Material Stress Relaxed (MPa) at Initial Stress of 850 MPa
200°C 300°C 350°C 400°C 450°C

A723 11 46 80 129 198

D6AC 16 40 56 76 99

Table § - A723 Creep law coefficients and material constants

Temp. (C) A n m
100 1.00E-20 1.77 -0.75
300 1.10E-10 1.77 -0.75
350 2.94E-10 1.77 -0.75
400 6.71E-10 1.77 -0.75
450 12.41E-10 1.77 -0.75

Table 6. UTS as a function of temperature and stroke rate for A723 and D6AC

Material Stroke Rate (mm/s) UTS
22°C 200°C 300°C 400°C
AT723 0.013 1,253 1,163 1,121 1,007
A723 212 1,317 No Result No Result 1,092
D6AC 0.013 1,441 1,336 1,271 1,154
4340® 0.021 1,353 1,280 1,236 1,107
4340 0.85 1,381 1,267 1,226 1,124
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